We present a leading order (LO) estimate for the longitidinal-transverse spin asymmetry (A LT ) in the nucleon-nucleon polarized Drell-Yan process at RHIC and HERA-N energies in comparison with A LL and A T T . A LT receives contribution from g 1 , the transversity distribution h 1 , and the twist-3 distributions g T and h L . For the twist-3 contribution we use the bag model prediction evolved to high Q 2 by the large-N c evolution equation. We found that A LT (normalized by the asymmetry in the parton level) is much smaller than the corresponding A T T . Twist-3 contribution given by the bag model also turned out to be negligible.
1
We first recall the parton distributions relevant to these asymmetries. For the nucleon moving in the positiveê 3 direction, the parton distibutions of the nucleon can be defined by the following lightcone correlation functions in the nucleon (z 2 = 0, z + = 0, z ⊥ = 0):
e ixP ·z P S|ψ(0)σ µν iγ 5 ψ(z)| Q |P S = 2 h 1 (x, Q 2 ) (S ⊥µ P ν − S ⊥ν P µ ) /M + h L (x, Q 2 )M (P µ n ν − P ν n µ ) (S · n) ,
where |P S denotes the nucleon (mass M) state with the four momentum P and the spin S (P 2 = M 2 , S 2 = −M 2 , P · S = 0), and a light-like vector n with its only nonzero component n − is introduced by the relation P ·n = 1. S µ is decomposed as S µ = (S ·n)P µ −M 2 (S ·n)n µ + S µ ⊥ with P ·S ⊥ = n·S ⊥ = 0. In (1)-(3), the gauge link operators which ensure gauge invariance are suppressed for simplicity. We remind that in the infinite momentum frame (P + → ∞) the coefficients of f 1 , g 1 and h 1 are of O(P + ) (twist-2), those of g T and h L are of O(1) (twist-3), and the O(1/P + ) contributions (twist-4) are ignored in the right hand side of (1)- (3) . Note also that g 1 and h L are associated with the longitudinal polarization, and h 1 and g T are associated with the transverse polarization of the nucleon. The above distribution functions g 1,T and h 1,L etc are defined for each quark and anti-quark flavor ψ = ψ a (a = u, d, s,ū,d,s, ..) and have support −1 < x < 1. They represent distributions of a quark (or anti-quark) having momentum k + = xP + in the nucleon. A quark and an anti-quark distributions are related as f
The three twist-2 distributions have a simple parton model interpretation, and they can be written as
Here q + (x) (q − (x)) represents a density of a quark with its helicity parallel (anti-parallel) to the nucleon spin in the longitudinally polarized nucleon. Likewise, q ↑ (x) (q ↓ (x)) represents a density of a quark with its polarization parallel (anti-parallel) to the nucleon spin in the transversely polarized nucleon. Therefore h 1 is called transversity distribution [3] . For nonrelativistic quarks, h 1 (x) = g 1 (x). Nucleon models suggest h 1 (x) is not so different from g 1 (x) at a low energy scale [3, 19] .
The twist-3 distributions g T and h L can be decomposed into the twist-2 contribution and the "purely twist-3" contribution:
The purely twist-3 pieces g T and h L can be written as quark-gluon-quark correlator on the lightcone using QCD equation of motion [21, 3, 20] . In the following we call the first terms in (4) and (5) g
2 ) (Wandzura-Wilczek parts) respectively. With these definition for the parton distributions, the LO double spin asymmetries A LL , A T T [1] , A LT [3] in the polarized Drell-Yan process can be written as
where σ(S 1 , S 2 ) represents the Drell-Yan cross section with the two nucleon's spin S 1 and S 2 , e a represent the electric charge of the quark-flavor a and the summation is over all quark and anti-quark flavors: a = u, d, s,ū,d,s, ignoring heavy quark contents (c, b, · · ·) in the nucleon.
The variables x 1 and x 2 refer to the momentum fractions of the partons coming from the two nucleons "1" and "2", respectively. In A LT , the nucleon "1" is longitudinally polarized and the nucleon "2" is transversely polarized. In (7) and (8), a T T and a LT represent the asymmetries in the parton level defined as
where θ is the polar angle of the virtual photon in the center of mass system with respect to the beam direction and φ represents its azimuthal angle with resepect to the transverse spin. We note that A LL and A T T receive contribution only from the twist-2 distributions, while A LT is proportional to the twist-3 distributions and hence a LT is suppressed by a factor 1/Q.
So far there has been much accumulation of experimental data on f 1 and g 1 , and they have been parametrized in the NLO level in the literature. ( [13, 14, 15] for f 1 and [17, 16, 18] for g 1 ) Although these distributions can explain available experimental data, there still remains some uncertainties in the parametrizations especially for g 1 (x, Q 2 ). For future references, we use the LO parametrization (standard scenario) by Gluck-Reya-Stratmann-Vogelsang (GRSV) [16] and the LO model-A of Gehrmann and Stirling (GS) [17] for our estimate. For h 1 , g T and h L no experimental data is available up to now and we have to rely on some theoretical postulates. Here we assume h 1 (x, µ 2 ) = g 1 (x, µ 2 ) at a low energy scale (µ 2 = 0.23 GeV 2 for GRSV and µ 2 = 1 GeV 2 for GS) as has been suggested by some low energy nucleon models [3, 19] and has been used for the estimate of A T T [7] . This assumption also fixes g
W W T
and h
W W L
. For the purely twist-3 parts g T and h L we employ the bag model results at a low energy scale. In particular, we set the strangeness contributions to the purely twist-3 contributions equal to zero. By these boundary conditions for h 1 , g T and h L at a low energy side and applying the relevant Q 2 evolution to them, we can estimate A LT . For the LO prediction of the asymmetries, we need LO Q 2 evolution for each distribution. The twist-2 distributions obey simple DGLAP equation. The complete LO Q 2 evolution of the twist-3 distributions has been derived by several different approaches for g T [21] and for h L [22] . It has been also proved that their Q 2 -dependence can be described by a simple DGLAP evolution equation similarly for the twist-2 distributions at large N c and the correction due to the finite value of N c is of O(1/N 2 c ) ∼ 10 % level [23, 20] . Since the complete evolution equations of g T and h L are quite complicated and not practically usefull, we apply the large-N c evolution to the bag model results [24, 25] .
The double spin asymmetries are the functions of the square of the center-of-mass energy s = (P 1 + P 2 ) 2 (P 1 and P 2 are the four momenta of the two nucleons), the squared four momentum of the lepton pair Q 2 = (
Using these variables, momentum fractions of each quark and anti-quark in (6)-(8) can be written as
Since the twist-3 effect is one of our main interest, we showed in Fig. 1 
2 ) with two parametrizations for g 1 (GRSV and GS) and the bag model prediction for g T (x, Q 2 ) obtained by assuming the bag scale is µ 2 bag = 0.081 and 0.25 GeV 2 [24, 25] . Although the u-quark distribution for g T contains flavor-singlet contribution which mixes with the gluon distribution, we ignored the mixing and applied the large-N c Q 2 evolution [23] , since the Q 2 evolution for the singlet part can not be described by a simple evolution equation. The correction due to the mixing is expected to be at most of order of 10 %, which is irrelevant in the present rough estimate of A LT as we will see later. Likewise, Fig. 1(b 
2 ) does not mix with the gluon distribution and the large-N c evolution is more reliable than for g T . One sees from Fig. 1 , the GRSV and GS distributions give rise to different twist-2 contributions g
W W T
and h W W L at x < 0.2. It has been shown in [24, 25] that at high Q 2 the bag model gives small g T and h L , and g T and h L are dominated by g (11)), and the bag model prediction for the distribution function becomes unreliable in the small-x region, we only plotted these lines for the region x 1 , x 2 > 0.07 [26] . As can be seen from Figs. 2 and 3 , the purely twist-3 contribution brings only tiny correction to A LT . Larger value of the bag scale µ In the kinematic range considered either x 1 or x 2 (or both) take very small values. If it were not for those factors, A LT would be comparable to A LL and A T T . We remind in passing that what is measured experimentaly is A LT itself which receives the suppression factor M/Q from a LT .
Several comments are in order here. Our estimate of A LT is based on the assumption h a 1 (x, µ 2 ) = g a 1 (x, µ 2 ) at a low energy scale. There are several model independent constraints among LO twist-2 parton distributions:
. Since the first inequality is satisfied by the GRSV and GS distributions at Q 2 > 1 GeV 2 , the second one is also satisfied by our input for h a 1 and its Q 2 evolution. On the other hand, our input assumption h
at low µ 2 may violate the Soffer's inequality even at relatively high Q 2 for some quark or anti-quark flavors for which g
. For the case of the GRSV distribution, our assumption violates the inequality for theū, d, s ands distributions even at Q 2 > 1 GeV 2 in the large x region. For the case of GS distribution, we found that the d quark distribution violates the inequality at x > 0.5 around Q 2 = 4 GeV 2 . This may be ascribed not only to our exact setting of h a 1 (x, µ 2 ) = g a 1 (x, µ 2 ) at a low energy scale but also to the uncertainty in g a 1 (x, Q 2 ), in particular, the poor knowlegde on sea distributions at x > 0.1. However, the violation occurs only in the region where the absolute magnitude of the distribution functions is extremely small. We thus expect that the effect of the violation to the asymmetries is not so serious numerically. Especially, we believe that the relative magnitude between A LT and A T T is relatively immune to this constraint.
The authors of [10] calculated A T T from a different point of view. They determined the input h 1 so that it saturates the Soffer's inequality at a low energy scale, taking advantage of the fact that the inequality is maintained at higher Q 2 by the QCD evolution, and claimed that they estimated the upper bound of A T T . However, they assumed the inequality for each valence and sea distributions. On the other hand, the Soffer's inequality is an inequality for each quark and anti-quark flavor [28] . This does not necessarily leads to the inequality for the valence distributions. (The assumption in [10] is a sufficient condition to guarantee the inequality for each quark and anti-quark flavor.) Therefore the authors of [10] imposed a stronger constraint on h 1 than required by the Soffer's inequality and their estimate of A T T can not be literally taken as the upper bound of A T T . Numerically, their estimate on A T T is of the same order as those in Figs. 2 and 4 (also the one in [7] ).
To summarize, we presented a first estimate of the longitudinal-transverse spin asymmetry A LT for the polarized Drell-Yan process at RHIC and HERA-N energies in comparison with A LL and A T T . A LT normalized by the asymmetry in the parton level turned out to be approximately five to ten times smaller than the corresponding A T T , although the prediction on its absolute magnitude suffers from the uncertainty of the distributions, in particular, of h 1 as was the case for A T T . The purely twist-3 contribution to g T and h L was modeled by the bag model, and it turned out its effect on A LT is negligible compared with the WandzuraWilczek contribution to g T and h L . 
The meaning of the lines is the same as (a). 
